Abstract: A novel dual-band antenna by using CRLH-TL structure is proposed for the wireless local area network (WLAN) application. The dual-band behavior is achieved by loading shorted meander lines and interdigital capacitor to form unit-cell CRLH-TL loaded antenna. The bandwidth enhancement of proposed antenna can be achieved by merging the two extended-bandwidth resonances. The dual-band version exhibits two distinct resonances at 2.4 GHz and 5.5 GHz, with measured −10 dB bandwidths of 500 MHz and 2.1 GHz. The lowest resonance at 2.4 GHz corresponds to a 47% reduction in the resonant frequency compared to a reference unloaded monopole. The size of proposed antenna is 30 × 20 × 1.6 mm 3 .
Introduction
With the rapid development of the mobile communication systems, such as the wireless local area network (WLAN), there is a market for antennas that are more compact, with multiband operation, lower cost, and that are more easily integrated [1] . Metamaterial-based antennas are a class of antennas that use metamaterials to enhance their capabilities and to achieve novel functions [2, 3, 4] .
The composite right and left-handed transmission line (CRLH-TL) is a conceptual way to design metamaterial antennas. Zeroth order mode (ZOR) is one of the desirable features of CRLH-TL, which aims to present a smaller antenna, but the antenna typically has a narrow bandwidth [5, 6, 7] . A dual-band metamaterialinspired small monopole antenna is proposed for WiFi applications. The metamaterial-based loading enables a slot resonance at the lower WiFi band, in addition to the monopole resonance [6] . The antenna exhibits a −10 dB bandwidth of 100 MHz for the lower WiFi band and, with a higher bandwidth of 3.2 GHz from 4.52 to 7.72 GHz for the upper WiFi band. However, the bandwidth of ZOR is narrow. There have been some compact, multiband and wideband antennas based on the CRLH-TL structure that been reported. The solutions of enhance bandwidth are categorized according to two types. The solution is analyzing the Q-factor of the zeroth-order and/or the first-order resonances and lowering it through the control of a component of transmission lines [8, 9] . A compact ZOR antenna at 2.16 GHz that controls CRLH-TL's series element has been reported [8] . The metamaterials antenna successfully etched the inverted-L and produced three resonances to enhance bandwidth.
In this paper, a novel compact CRLH-TL antenna is proposed for dual-band operations. This antenna is inspired from shorted meander lines and interdigital capacitor, which operates at the ZOR frequency and =2 resonance of the structure.
The bandwidth characteristics of the ZOR and =2 resonance are analyzed and described using the circuit model. A prototype antenna was fabricated and tested. The measured return loss and radiation patterns are presented, and the overall performance of the antenna is compared to some of the previously reported metamaterial-based antennas. The measurement results are analogous with the simulation results. By using the Bloch-Floquet theorem, the dispersion relation can be determined using the following formulas [10] :
Where
¢ is the propagation constant of Bloch wave, and p is the physical length of the unit cell. For the open-ended resonator, it is determined by ! sh . For the short-ended case, it is represented by ! R . The resonance condition of the CRLH-TL is shown as follows [9] :
Where n, N, and l are the resonance mode, number of unit cells, and the total length of the resonator. When n ¼ 0, the wavelength becomes infinite and the resonance frequency of the ZOR mode becomes independent of the size of the antenna. The proposed antenna has one-unit cell and equivalent circuit model is shown in Fig. 3 . Cascading one-unit cell can generate dual resonances including the ZOR and =2 resonance. Hence the following closed-form relations for the two-resonance frequency are obtained:
The dimensions of proposed antenna is shown in Table I . The simulated S 11 for monopole antenna and proposed antenna of same the size (30 Â 20 Â 1:6 mm 3 ) are compared in Fig. 3 . It can be observed that while the unloaded monopole exhibits a single resonance around 5.3 GHz, the proposed antenna exhibits a broadband dual-resonance, comprising the desired zeroth-order mode at 2.4 GHz together with =2 resonance at 5.5 GHz. The electrical size of the unit cell of the antenna is 0:25 0 Â 0:16 0 Â 0:013 0 at 2.4 GHz.
From Fig. 4 , it is seen that the current distribution of the proposed antenna mainly focuses on the meander lines at a frequency of 2.4 GHz and 5.5 GHz. Thus, it can be concluded that the inductance L R produced by the strip is directly proportional to its length. In Fig. 5 , we can see that when w 10 increases from 18 mm to 26 mm, the ZOR and =2 resonance move to low frequency. Hence, the resonant frequency is dependent on the length of meander lines.
Although the ZOR boasts a significant size reduction due to zero propagation constant, it still suffers from the narrow bandwidth. The fractional bandwidth of the zeroth-order and FPOR is given by [11] where G is the shunt conductance of the lossy CRTL-TL. By applying (6) (7), we introduce a small C R to extend the bandwidths of the zeroth-order and positiveorder resonances. Fig. 7 shows S 11 of the proposed antenna with the number of interdigital capacitors. It is observed that the effects from the number of interdigital capacitors varied from 17 to 5, and the bandwidth increases at ZOR and =2 resonance. 
Results and discussion
The fabricated prototype for the proposed antenna is shown in Fig. 8 . ), where 0 is the free-space wavelength of ZOR (2.45 GHz). The measurement −10 dB bandwidth is 0.5 GHz (2.3-2.8 GHz) corresponds to 20.8% fractional bandwidth and 2.1 GHz (4.8-6.9 GHz) corresponds to 38.1% fractional bandwidth, as shown in Fig. 9 . The measured gain is −1.6 dBi at 2.4 GHz and 2.6 dBi at 5.5 GHz, as shown in Fig. 10(a)-(b) . The antenna gain varies from about −1.61 to −1.38 dBi at the band of 2.3-2.5 GHz and 1.45 to 3.2 dBi at the band of 5-5.9 GHz, as shown in Fig. 10(c) . The simulated and measured results are in good agreement. The parameters of the proposed antenna and recently published metamaterial antennas are presented in Table II . When these tables are compared, it can be concluded that the proposed antenna largely has a relatively compact size with an extended bandwidth. Additionally, it does not need via holes and it is easy to fabricate. 
Conclusion
A novel dual-band zeroth-order resonance (ZOR) antenna using the CRLH-TL structure is proposed for the wireless local area network (WLAN) application. The proposed antenna has a size of 30 Â 20 Â 1:6 mm 3 . Measured results show that the antenna has 10-dB impedance bandwidths of 0.5 GHz (2.3-2.8 GHz) and 2.1 GHz (4.8-6.9 GHz), which cover all the WLAN bands. In addition, omnidirectional radiation pattern, as well as reasonable gains and efficiencies are also obtained. The measurement results are in good agreement with the simulation results. Boasting the advantages of compact size, low profile, via-less structure, and easy integration with other microwave circuits, the antenna can be a good candidate for emerging practical wireless communication systems. 
